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tiw tJD5, •tnn-i la %sA» -c;> t_ 

#4b»toll»a &.*» **ll ... t of «®rt#in prsasur* drop ^r— Im 
utod l . t>»# «to»S>, of ft tarbo-j#t « ,r Jiatioa clui • «r iecii- 
caw® tM pwrf '> r ■•nao of b..* eo-* v»tor c*n b® re ictea b/ 
ft.n« tjtiftftl »fttfco..ft. 

*11 <*o*RvUt«?4 v*io*« of /feh to* fraction -r* • ir« 
drop ftoi tft® prw^ftar* drop io® to wj- fit i *<»«*! 

*6 :iti j>o W4.ro 1 ®w*r. In t-i&t r« *i » . r flows wherein t « 

ban tor would n^rwadly operate* than IndicaWa by 

aoftJLjftlw of to® riswmi »1 dot® • ?h* -mjtiwuft ob»^ nr«& 

orror of • p*rs*nt oocor«*®4 rot* t. .* o > . -itio . of «.*& 
pOKid* ;>«r «®C3 .. air flew* *. vor*. o ,*& ro&nt • wrror 
over t, «s •i»tir® Ap*r. tin. r«ui^^ 4 wa» <- - ^roxi*®®!*- 

ly 4 parcwat. Tii® o oostur Ini® t «dr etmditi jo*, un-er 
w,ii so tisexft run* * r* aiad# wa# o ^oivalwat to ft »ls»ul^t . 4 
Alti tu-.ft j»' d’tiQJQ foot at tho uft^Ife,,! polat x t«&* 

The ropro-ioolbility of ®xpsrl.-®ntftl £& wa* 
ilifficult* All##ft.«K»® tcj*i b« s«m« for obfttr option* or Ir* 
r* .ulftrlti** of in® flow *« as war In ; of t‘>* co- ufttor 

or carbon ospuftlti >;.e. In tn® final for 

•ecftjpietftl/ o /ctpw&inft u.® tot-l pr® • sure dr-op aero®* ttn® 
co t.j® effect if *Ixl i' t’-.% reletivvlj cola a- con !>- 

wry ir »ttu ;rou40t» .-f eo ->u* tl.*n .o»fc b* t. tr * Into 
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IlTROXXfCTIO* 



All turbo- jot anginas add anar^y to air t ■ ran in 
froa the surround in,, afcestosphsra and exhaust toe r .ducts 
•t a hirhar velocit/ tans .uroduei.-^ thrust* At urea* it 
fclas ;eoat co- -on at nod of aidl fcns « ;er. JW ,.«c© a • / is 
throu* a the cos^ ustlcn of fcydroo&rbon fuels with air in 
tJM co^i aation e.a»*b*r* 

The flaw of v-« thr « cosbustion c *•*%!>» r i# 
accot >auled b;' lassos that of. .ct the over *11 effiei*. .c. 
of the turbo- j*t online to a meed da$r*a* Ti» losses 
in the cognation c juofcor **y fc# c la a » if tad u* t •*. tat-*! 
friction pressure loss das to configuration ani friction 
and tii* pressure L.. . tlae t j the .o-intira c< with 
boat odditis* . A rletion ,*rtiseore l^ss. e re-* *ifc fro- t>.« 
turbulent flow of ia. •;«»#« over tin* afc&i surf ce ^ of 
t *a ducting; and thro a • t; . or i floes Xrioi w; into t 0© 
go usfcion son** The*# can be «* surah i .ri.v; noi- 

firiru- runs wit,, the co nation c;i*«h*r, eri t'-alr valuta 
used in coja.-atlU;-. the •ra-auro los - iu*> to ao* tu 
e-ULA>* during firl runs* This is an a -proxi* « fc i .vn ut 
t te ^rcanta^o error is vor/ su&ll* •••cfcaaliy tr^rs L* « 
caan^w in the density of the antarln. »ir da- t o*-..- ■ .. 
In teoaerabure that is hot in.ic t a in - no*:-firin 
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fiction, ir^iaur* iosae* a re ueu-lly rea. *on*ible for two- 
thirds of t: .* total arsesure loss, an& Is tl ;.iast In contra- 
flow co •* ..u.iors c;< alwri end lowest in • tr'vl . t, flow 
chainbera . it-, low eutr jr.ce velocities. 

The — mitvr> pressure losses occur «s a result of 
the catenation, process in chsu^Ini tne velocity ana aansifcjr 
of the ;asea • A,, exeet solution for t.:e ■ pressure 

loss in a duct of constant croa s-s • • e t i ansi *.* u is ^resent- 
ed in bias appendix* "orai&liy an exact solution i - wot re- 
quired whan the *>aeh nuabers in tn« combustion sane ere or. 
the order of 0*2 or lees thaj 0*3* Til® exact solufcioa pre- 
sented is modified to the extent t at tj adaption of fuel 

1 

and area chants has been neglected* Therefore, the calcu- 
lated jsocamtua pressure lues will be lower than th«t o~ 
rivod by experiment. 

Tho inpcrtkcce of caiaiai sin, too total pressure 
loss In tiie oo-'k-'usfcor Is oeo* >su-»ole wit.*, kee in.:' t.‘» «f- 
f I clous las of ti. - compressor a .,1 turbine as ni£h as possible* 
Combustion c.* bbera asset te designed for t’*e lowest possible 
pressure drop due to friction and this la possible by 
ellnin&tlnc abrupt chwrv: * i i s cfcion, rs verse turns In 
the dustlrv., inlraru initial valoeitj in t flow paee -a. 
and Kittximu.3 area flow pas. ei « 
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It la t..»» purpose of fchi* Investigation to ostab- 
lieh tii& v-vlldlfcy of certain a«?,*ljrfcl«<«.l pressor* loua 
deai:yi parameter* vm*& in the deal^ri of •< fc~rteo»j.t co <» 
fcion e - her of aisdlar eonfl jur wtion* fine d»c'^ will fee 
&*£& by tamper laaa wit.* wjtperii**nt..l d- t* . In fc:ai c a- of 
fc.be friction , :**»»• ire dro , « n-Cai arisen *111 c* 

*ede nelug; fcbo .‘-thoo sew f^rfc in fc,»j nfci^tel /uivieory 
fotarlfctew fur * .r^mactlca, c..d: 1 - at©, «uafc*r lido* 

As «*or* and \:ov® infarct 1cm of tals aort i ac- 
cumulated the design of orbuefclon efiarsbere for turtM- jet 
engines will beeoM leas of . cat end try »roc«a arid fci«o 
n-*ed for ex *n*iv« experi ^-;t 1 teat 8«=fcu,.a -iill be !&•*<• 
» 4 . 
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ffoefcuator 

The co'abuator used la these tests w m on* of four- 
teen used la fcfce owners! -at ora J-33 Turbo-Jet saline* It 
was a «peoial combustor, K»ooifi:4 tj the extent t .at the 
inaer-co uoastor connect La*, fi«a%a tamos wore not i eluded 
in it construction* A skate - or the co ••austor is shown, 
in FI .ora k* 

A special air adaptor was osum t) Tit fcae outer 
liner to alliin.ut- certain Vari%*.o*« in the e uteri i, -lr 
flow* The air acaoter provisos t«s» . oontin for t a,- fool 
no sale, the igniter art ' toe inner lirw>r df%. and 

also support* the forward eta of too- outer co’- u«ti»n 
cue uber* 71 m inner liner i- upoorted at the e .tr ace end 
by the done, sn,u is position d at the vX.lt end® by a liner- 
locating dowel, file groves at %*.<& forward end of t e outer 
coabus tiers eu a«ber retain two piston rings* These ri:w;s 
enter into toe counter-bore of the adapter, forsin.- a.i air 
seal between the adapter &•; » tae outer ooauuetion cht iber, 
aad arovlvoa for any expansion or contraction* 

Air enters the evzter Inner c • fcaotl .• - of- >ra 
fc*.r i. ■» tiMj adapter. . rl or.. lr lu introiueeu into fclx» 
combustion can© througa a series of *wle» aarroaidla- the 
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fuel nosale In the oautsa* if t *• fl ta cz>^» x.a u iroa^ii 
hols# la the upetro • auction or t -*• iJe.i*r a u. bias 
chamber. r?*o air e.iterln^ t.*i L.oi>a »roua«> toe fuel nostale 
I® deflected by spiral plate® inside tna dan®. Thia allow® 
oaxiosua fixing of the fuel wits, tae inso-.iau, air •ulle ea> 
tabiishitv; a low velocity 1- nifcion apes wit » »u <** control 
of the flarse front. 

Secondary air, necca»4*r/ for completion of sondus- 
tion and cooling, i® Introdiioed tnrouch a series of 5/3 
inch hole* and louvre® located in tie laner ecssbuetion 
chamber downs breast fro » t..j prinary air entry* 

T-ho fuel Injection systeu for the c.j t .u*«ar con- 
sists of an electrically driven fuel pwap and an# t'a$l 
nasal® of fcne hollow cone spr </ type. I . to# ..w-slo, fuel 
flows In through i&a&efcial slots in t y - t\j tip w out 
through the tip orifice into t.*o if «us*tioa on*. -bar* «t 
fuel prasaaraa below if poxvia a quare inch to® arc of 

t.4® spray la approxi »at<sly seventy de$ra»*« »t hl;;it#2' 
press-area the arc na rows and tn. flow is extended farther 
into the combustion chamber. 

The fuel 1 -nifcioa syete*a employed is that of • hi h 
Intensity apart? cstsbl ted with an acetylene ^us jet* Th* 
acetylene 5 a* la fed into the soolin j air apace befc^eon 
the electrode® am tue aurroundin - , certt ie Iji# l"li <n>. ‘ • 

insures a positive initial bur-ii < ana eliwin to.* ex 1. hv- 
hot eterfca* 7 ho apar.: plu~ aa*s. <a • rr® -ax loctri': 
oiei 7 3 D V 3 U. 
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Test d«Uap 

The general crraogesssnt of tits tjjt sutu.o is dla~ 
grsocmtiealiy shows. In Figure I* Air »n» supplied by tho 
auxili-ry ounpree-or section of a 1710 Alii* n 'ee 12 
an ine* (Figure 5) paired beausutar inlet sir CoacitianB 
were obtained by regulation of the Alii so 1 engine aped 
and the combust or exhaust waste gate . The air m&s* flow 
was wjs.su red by a thin plate orifice locate! upstream of 
the cypres* or* 

The izil t duct w«s f 1 brie ate d ol elld st*sol to fit 
the dissensions of the existing -Ir supply *testin& and the 
coabajtor. The sxnaust duct tuj fabrics tel *f *.* gaii^e 
•t aimless steel nd de:;i*ju**4 to fit toe exit of t„.e con- 
buster and to exJixa.it Into the at ^mph^re. /i-jure X shoua 
the longitudinal cross-section of tine inlot «ncfc, t-uo 
co:.jba»tor, and bu- exhaust duct wlfca the Xoc->fcloo of the 
lnstruneRt stations, fi pure £$. shows orrafi^e^nt of the 
test setup as installed in the tost cell* 

Ins Srwssnt at 1 on 

Positions and arrangements of the thermocouple a 
and pressure tap# &a located lu the inlet and ejuarusl duct- 
asvi the sombuator era mta/en dia-r-. mails ally In /impure 3. 

The velocity profile ana tho «&n velocity ^.f ti.* 
sir flow enfee ring t*se cououotor war® -eters.iliiad »./ fc*tr» 
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total head tuliwa a. id on® static pressure tsg> X»-*c ted up— 
•trecM at station X. this section has - croas-ssctional 
area of •! >65 square fwet. the ter oeraturB of tv entering 
air wa« mas arc d with an iron-const an tan thermocouple • 
Determination of tne pressure 1. » vo i and the -as flow 
chan'# of the secondary air almn* the loii£ifcu Inal axis 
of the combustor between the inner and outer lirx®2*» was 
atta inted through a aeries -at static pressure t pe #j*d 
total head tubas at stations 2, 3# -id 4* *>t tioo 2 is 

located just down str* ass of the primary oir Inlets ub the 

be ginning of the secondary air port* . ot&tians 3 and {* 

are located at tu* jsil-point an i at t'ie end of the secaiwlar; 
air ports, respectively, J‘or .o -surin • velocity ulatribu- 
tlon at the exit of the tlk-**. tubs luring acn-flrln*: runs, 
tlxree pitot-static tubes ware inserted Into th, •• treu-’ at 
station 5* ^or •- as are *\t of v loeifc/ and fcot^l pressure 

during hot runs, a shielded tot*.l head tu*“® and a at. tic 

^resauro tap were used* 

C krone 1 -A 1 venal thermocouples were n»-d t hro u;t.tout 
for total temper atura aeasuremrit of the hot gases, and 
indications were taken as true with no corrections for 
radiation or stagnation effects. The te^;»»r-.ture lialri- 
bafcion of the exhaust g see was no a sure 1 b, a total t«< »- 
erature rake consisting of four therriocoupia s .-a i; .wn in 
U.'.ure 3* the rwiic eo**2itt* tor -xha wet to- . -wra-torM 
t%ko:i as the aritbrtotie iean j>f tos 
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by those fo -t» prob./#. 

=o.-cu ry *enjL^*t»*ra ware asa~ for total 

static ,*£♦««>■ ur*u «. rt»ar®..-«nta* /*or • <sari-j£ dynosi© 
pressure l^voi, • ben*. of six incllftisd tul*-.- mercury “tano- 
wsters W4.3 used. i tJ ur» 6 show ■ tne i a#t raaent reeortd.ri£, 

pa i® 1. 

Fuel flows ware nenurxrcd with a Fischer and Fortor 
Coal »a ay Flowrates* with tabll^Yis VI eoaity Ic..-un» 






feats were . ti-Jt to evaluate the ,?«rforr»anee of the 
owba.tlon c -actb.r .t various res s-.res ami air flaws. 

Ifch the * qttlpme«t available , the ras^t was l.l> .1 1 . d to a 
a&xinur.i of 46 inches of ©rcury absolute static pressure 
at t ie entrance to the coebuaticwi chamber and to three 
-ounda (per see cad eir flow. 

In order to evaiu? to t~s air flow and velocity 
distribution axially thrown the c^abuation enav«h-»r, a 
series of non-firing rune v&i iauie at virgin, c us tor 
Inlet tatic pressures. The data recorded wera tne total, 
dynursie, and statlo pressure level at the onbrence ; static 
pressure level of t.*» air stren ir. the imnulur* space 
aurroun-icV;': the inner ecohu-tion ea-nbor at the beginning, 
tld-potnfc, and t;® end ox t^e a#« aier,. air entrances to 
fch® eoatbtt&tian son*; and t s* total a*.o. static pressure 
levels at the exit of the contact ;r; «ui i tv friction 
pressure urop across the e - coast or# 

To deiemitwi the total pressure drop, not rune were 
1 id# at sot static pressure levels at the coabuator entrance 
with varying sa&s* flows. These runs were s&:» at constant 
exit temperatures. Total entrance pressure, total &nd 
static exit pressures, tot 1 entf-.nee fcee|>eratu*e, -.ass 
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flo* *a j total pre^suru iroo v c^raol. 

t'o? ieterniaiag tae erfect or citr. io« *t*tic 
pressure on. +*$m toetper&ture riso through tuo coabuetar, 
run s were •ale et sevarei. e detent entrance ,*r #au:v8 with 
varjlni fu*l~air ratios. Those data r-ounfted were: entrance 
temperature* exit fcewper&iutre, air floe, fuel fieri, sad 
total pr&osu re drop. 
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Too &»ta obt-lnod In fc.*la i ;w*ei I & *t 1 era to evami« 
toe perform** jf tiv, o jnbuator are suu; ari «ei In labia 0 1 
5. Thaao runs vnerela bloeout or unstable eu 10 option oc- 
curred %*re oalfctod because fcney have no bearin'., in tldm 
evaluation. Tfea -sean c ^usfc.r outl#t tenpe rations indicat- 
ed In T*4blc 1 i* the i»ri these -lea* -usa of f«ur r*Adi*i ; ,a 
tsueei at . fc&tioa a eared temperature* wore very o ratio 

A re present at I v» distribution of -buster exit fc e-*** ra- 
ti ure 8 txay be seen in FI . are 0 , 

?h® cjMbwatcar operated at a fftei ; .ueies above 63 
percent and was capable of proiucin-: outlet ta^.^rat uro* 
in excess of fcnafc deeded safe X*or o.xsration at liign back 
pressure.,. Figure 9 above the effect of vary in , Uia co »- 
bustor inlet pressure on the efficiency of the co-sb-vstor. 
durvea of 100, uO # anal bo p»roect ti»#oratieei t«^.o*reture 
riae ar© included for cor.Lastiort efficiency 0 ti nation* 
then. tho eafcr-rice pressure «.,a ;ii.;u the coubustvr operated 
■ t efficiencies above 9 O percent except «t fael**t»lr r«tio» 
of less th«a:i 0,01* Till a ie u», in o«rt, to poor at o~d ra- 
ti on of the fuel usuv. in t se no sc la at lew fool prees-uree , 
Tn® auHdiatrrs effieie .cy occurred at &n overall fuel- -ir 
ratio r»»eh loaner then the overall stoical case trie .\ixtore . 
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As the inlat pros euro was incr-j-sea t dt> :sutla,m rend. o#4 
fairly constant at s fuel-elr r »tio of O.Olii-. 

The offset of varying tne tnlat static ;.is are on 
total pressure drop is shown gr*pftie*lly in Figure 10* It 
is seen, that for any one selected air flow, tou pressure 
■drop decreases «s the inlet >r©a8v.ir© was inor«a«s Ihs 
pressure drop is a function of t a inlet velocity » pier, in 
turn is a function of the density of tbs gi-a stream . As 
toe ini*- 1 ores sure was inerts ed t ... density of t u ® •tar- 
ing air isass was increased. ea* the velocity nacoesir/ to 
pass the aase flow »4Sta decreased. I ho control of t..» 

Inlet pressure was stale by regulation of the >llls>n cast- 
pro ss or speed and by applying to© ©cessary ^ae-.: res ^urt. 

by reducing the effective area of t. e xu«esb« am rusts 
were ztaus at v.^ryia inl-t -reasure to ^iv> an In ..lection 
of the manner In w dch t:.« ;po» >ur« dro -• vtried* 11 runs 
were sale *t a .i-an abacus tor exit fcenperatu.© of l6hG 
degress ficnklne* 

Figures 11, 1*., aed 1 \ show ties © o-tpar x n-^n of ex- 
perimental and so iputad da&buatlon cnoaber japes sure lassos. 
The caleuloted friction pressure loss by .... tuou I Hat in- 
dicated In figure 11, is that vr* seated b. the *»Jfcioaal 
• dwlsorv Coonifcte© for Aeronaut its, Technical at* £ua£o»r 
liO»j. This stothod let -sad on ik© assumption. tn>« i * 

*• res sure loss characteristics of the actual c^oustien 
ehaiGber can be snatcucd by those of an e^aivalsn^ eon ■ sfclof 
so- »bar of cons ta.it cross-sectional arc-. It i> Iso 
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&as u-vTf&d tii >t t m fricii <n ^?e#*u.r« loa ■ U*:*" place jefore 

t ia < nation >roce •» • This ► i.-j-i was l vclude*.! in tni« 
lnvestl' Alton for a comparison cr.se'/. only. The cale-ti *t«vl 
friction r*»a re uro >, lmi«.-.ted eethou II In i are 12, 
is that praesntsd by J. 3, Verdi. \ in a paper or. t . asign 
of a turbo-jet cj baefcion chamber, end is included in the 
Appendix* 

Figure 13 1* * coapariaon of live experiaisntel 
»o sent urn prw ure drop with th*fc computed, Tula -* thud of 
eeeouiin? the pressure drop due to ioswentxm c .enf, a ia in- 
cluded in the ppendlx* The difference in Aoet d In the 
curv a is largely due to tne nc ;lect of tne aii-.ht area 
change in tne oosicuitor (Ies» than 3 wr cent) «u.;d t«i® effect 
of tne o-.ungo in •• > - nt--»a in vale ed in tne aixl of tta* hot 
and cold gea streams* 

The altttuie condition simulated In tui •* Invalida- 
tion era# 27#Ood f«a t enaity altitude . This a ii-=al .-ted 
*ltl tude >roveiled it the .ieaign condition of <:•> zounds per 
aeconu atr f lou. Toe Simula tea >Itifca.ie stt t eu roster 
entrenee wes computed fross assumed data for » t^rbo-je t 
erv inte having a compressor e^aprea »lun ratio of four -nd a 
oosoressor efficiency of >0 percent. 

It was found tnet the «cs arete re prod act ion of vlete 
we a difficult at low compressor ape® is. The alii a on en- I .« 
coyressor used m aupplylh tn» -lr K*» *n e^iias-co-pree -or 
*.«eeu ratio of d*i> to 1. a surge of lQu ?p<» *a i e a peal. 



therefore, would «. Iv* an increae-' jr .i»cr**aae of -*^C r »m 
of the compressor. In an attempt to s**ootrt oat t'.e flow 



lif 



of air and approach the at**«d/ flow c^nootion* neceaaar , 
on® bar,j of tr.e -llieoa waa *iade Inoperable. Tula 

I rv >rored condition* <t low a cuts flows, it Is #o i y<eflted 
tnat In future Investigations of tr.ift t/je a */ te - of 
bleed-off be Installed to eliminate conlitl ->n. *t 

hljgh Cw ;»r»*ser spe * 1« no s-riwu# alf fi cult j wee encountered 
in reproducing data. 
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